Abstract. A calcium-binding soluble protein extractedfrom oyster shell suppresses calcium carbonate nucleation and decreases the rate of crystal growth in vitro. These findings suggest that soluble matrix may regulate shell growth.
Part of the organic matrix of molluscan shell is rendered soluble after the mineral is dissolved with either HCI or EDTA. Protein or glycoprotein components of this soluble matrix (SM) have calciumbinding properties (1, 2) . Two functions have been suggested for such proteins: (i) the calcium associated with them may be involved in the initiation of crystal nucleation (1) (2) (3) , and (ii) the protein may inhibit and thus regulate crystal growth, (3, 4) , possibly by binding to the growing centers of mineral (4) . Although both suggestions are plausible, no direct evidence has been provided to support either idea for carbonate mineralizing systems. The studies presented here demonstrate an effect of SM on the rate of CaCO3 precipitation from model solutions.
Soluble matrix was obtained from shells of freshly shucked oysters (Crassostrea virginica). Shells were dipped in 5 percent NaOH, lightly scrubbed, rinsed with distilled water, ground to powder with a porcelain mortar, and mixed with a small quantity of distilled water. The slurry was decalcified either by dialysis against a 10 percent EDTA, 50 mM sodium phosphate solution (pH 7.5) at 4°C, or by gradual addition of concentrated HCl at 20°C with the pH maintained at 3 to 5. After the mineral was dissolved, the resulting solution was centrifuged at 30,000g for 30 minutes to sediment undissolved shell and insoluble matrix. Routinely, the supernatant, containing the SM, was dialyzed against distilled water. For molecular weight determinations, the matrix extract was concentrated by dialysis against dry Sephadex. The protein content of the extracts was determined by the Miller modification of the Lowry technique (5).
The effect of oyster SM on the rate of precipitation of CaCO3 was determined by recording the decrease in pH of a solution containing 3 ml of 20 mM NaHCO3 and 0.3 ml of H20 or redialyzed matrix-protein when 3 ml of 20 mM CaCl2 was added rapidly (6 Fig. 1A ). In addition, once nucleation had occurred, the rate of net precipitation or crystal growth (ApH/At) was less for reactions with protein than for controls. At 7.94 ,ug/ml (a total of 50 ,ug; Fig. 1A ), the decrease in pH was delayed for hours, suggesting inhibition of nucleation. However, observations of pH changes for such long-term incubations were complicated by loss of CO2 to the atmosphere, accompanied by an upward drift in pH. A direct effect of SM on crystal growth as opposed to nucleation was demonstrated by the sudden cessation of the decline in pH on addition of protein after nucleation had occurred and precipitation was in progress (Fig.  1B) .
The molecular weight of SM was estimated by sodium dodecyl sulfate-acrylamide disc gel electrophoresis, using the periodic acid-Schiff (PAS) reaction to stain SM and Coomassie blue to stain cross-linked serum albumin standards (Sigma) (7) . A single discernible band with an estimated molecular weight of 170,000 was obtained from matrix preparations. Accordingly, the regulatcry effects of the protein occur at concentrations estimated as 1.56 x l0M or less under the conditions reported here (8) . Coomassie blue failed to stain the matrix in gel preparations or in solution (9) . This lack of staining in contrast to the relatively intense staining by PAS suggests that a significant portion of the SM might be carbohydrate or that the carbohydrate portion blocks the staining reactions by Coomassie. Alternatively, if the SM has few basic residues, a weak reaction with Coomassie might be expected (10) . The molecular weight, homogeneity, and carbohydrate content reported here for oyster SM are comparable to those observed for SM from clams (1) reported for a variety of gastropod shells, whose SM's were resolved as several proteins, all with molecular weights lower than that reported here (2) .
Calcium-binding studies were performed on matrix solutions that had been redialyzed, first against 1 mM EDTA (pH 7.5) and then against water. Redialysis removed residual calcium from matrix preparations. The binding capacity of the protein was determined by measuring the decrease in free calcium in 10 ml of IV-to l10M CaCl2 (pH 6.0) when matrix protein (3 to 150 ,ug) was added (11) . For all preparations, the quantity of calcium removed from solution was directly proportional to (Fig. IC) only slight inhibition of the rate and negligible inhibition of the initiation of precipitation were observed, and then only with quantities of phosphovitin greater than the quantities of matrix normally employed in these experiments. Similarly, up to 1.5 pmole (0.3 ml of 5.0 mM) EDTA had no effect on the rate of precipitation or the time required for initiation of precipitation (data not shown).
The results reported here directly demonstrate regulation of crystal nucleation and growth by a protein in a CaCO3 system. Such regulation by calciumbinding proteins has 
calcium-binding SM in initiating crystal growth, nor do they exclude it. However, one might have expected an effect on precipitation if initiation were the primary function of the protein.
Exactly how the matrix protein binds to a forming crystal is not known. However, it is tempting to speculate that the multiple binding sites for calcium present on these proteins might interact with the nucleation site or surface of the forming crystal in such a way as to prevent further accretion of mineral, presumably by raising the free energy for activation of this process. For this protein-crystal association to occur, the protein must have a much higher affinity for the crystal than for free calcium, as the binding sites on the protein would normally be saturated with calcium from solution.
In summary, SM from molluscan shells has the potential to regulate CaCO3 deposition. Control Abstract. Improved image quality in soft x-ray contact microscopy can be obtained by examining the resist with transmission rather than scanning electron microscopy. Application of the new technique to air-dried preparations of human blood platelets reveals structures not visible in the satne cells with transmission electron microscopy or when the resist is examined by scanning electron microscopy. As seen by the new technique, platelet pseudopods contain a central structure connected to a network in the platelet and dense bodies exhibit a lamellar structure.
